INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is a progressive neurodegenerative disease characterized by cognitive decline, behavioral and psychological symptoms, and impaired activities of daily living. Patients with AD are faced with the inevitable decline from mild to moderate and, eventually, to severe stages of the disease. To help patients and their families understand the prognosis of AD and plan for the future, clinicians need to be able to communicate a realistic outline of the progression expected. This requires an improved understanding of the sequence of cognitive decline in AD, which is associated with and tends to precede functional decline \[[@ref001]\]. Greater understanding of cognitive decline could also be used to improve the design of clinical trials, especially those investigating the effects of drugs aimed at disease modification, and in economic modeling.

AD is predominantly a disorder affecting memory in the early stages but other aspects of cognition (language, attention, executive function, and praxis) are also affected during the progression of the disease. The main aspects of cognition affected in AD can be assessed using rating scales, such as the Mini-Mental State Examination (MMSE) \[[@ref003]\], and the cognitive subscale of the Alzheimer's Disease Assessment Scale (ADAS-cog) \[[@ref004]\]. The MMSE has, to date, been the most widely used tool to assess cognitive function in both routine clinical practice and research settings. It is reported as an MMSE total score, which correlates with disease progression \[[@ref005]\]. However, it can be difficult for clinicians and patients/caregivers to understand what a decline in MMSE total score means in terms of impairment and practical management issues \[[@ref009]\]. The subscores for the different cognitive components of MMSE may provide useful information on AD progression, including the sequence in which individual aspects of cognition begin to decline and the order in which full impairment can be expected for each aspect.

Previous studies of AD progression have investigated the temporal course of cognitive decline by examining longitudinal changes in the MMSE total score or ADAS-cog total score \[[@ref010]\]. Although these studies have provided valuable information, there are several reasons why it is difficult to use cognitive change scores *over time* for characterizing or predicting AD progression. First, AD typically progresses slowly, although some rapidly progressive forms have been identified \[[@ref015]\]. This slow progression means that expensive long-term studies are needed to accurately describe the whole time course of cognitive decline. Second, although a decline in cognitive function is inevitable for patients with AD, the rate of cognitive decline for each patient is unknown and some longitudinal studies have indicated that it can be non-linear and highly variable \[[@ref010]\]. This can make it difficult to design studies that take place over a sufficient time period to represent the full course of decline in a broad patient population with different rates of decline. Also, the severity of cognitive impairment can be influenced by patient factors including age, education, sex, and place of residence (e.g., living at home alone or with family or in a nursing home) \[[@ref018]\].

Determining the sequence in which cognitive abilities are lost will improve our understanding of AD progression. In this *post-hoc* analysis of data from the GERAS observational study \[[@ref019]\], we have assessed cognitive decline in AD patients using the MMSE total score as the index of disease progression. This removes the reliance on changes over time, and instead assesses what happens at each MMSE score ranging from 26 to 0.

The objective of our analysis was to determine the sequence of cognitive decline in patients with AD using the subscores of MMSE and ADAS-cog from the GERAS baseline dataset (note: ADAS-cog was available only for patients with MMSE ≥ 14). We then developed an animation that could be used to explain AD progression to patients and their caregivers.

METHODS {#sec0010}
=======

GERAS study design and participants {#sec0015}
-----------------------------------

GERAS was an 18-month, multicenter, observational study conducted in France, Germany, and the UK, to assess the direct and indirect costs (calculated using country-specific valuations) associated with AD for community-dwelling patients and their caregivers. The study design and baseline patient characteristics have been reported in detail \[[@ref019]\]. Briefly, study enrollment occurred between October 2010 and September 2011. Patients and caregivers were evaluated at baseline and underwent up to three more visits at 6-month intervals as part of routine care. Only patient data obtained at the baseline visit were used in this analysis. Sensitivity analyses were also performed based on including data from all visits and to examine any influence of age, sex, and years of education on the results.

The study centers were mostly specialist secondary care clinics ("memory clinics"). Patients enrolled in the study were community-dwellers aged ≥ 55 years with probable AD (National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer's Disease and Related Disorders Association \[NINCDS-ADRDA\] criteria \[[@ref020]\]), an MMSE score of ≤ 26, and who presented within the normal course of care. Patients were also required to have an informal caregiver who was willing to participate in the study and to undertake responsibility for the patient for at least 6 months of the year. All patients (or their legal representative) and caregivers were required to provide written informed consent before entering the study, which was approved by ethical review boards in each country according to country-specific regulations.

Patient cognitive function was assessed using the MMSE and ADAS-cog \[[@ref004]\], although ADAS-cog was only assessed in patients with MMSE ≥ 14 in accordance with the study protocol and the results of previous research \[[@ref021]\]. Other patient information collected at baseline included sociodemographics, comorbidities (depression, epilepsy, stroke, ischemic cardiac disease, hypertension, diabetes mellitus, hypercholesterolemia, cancer, urinary tract disorder, and obstructive pulmonary disease; recorded as yes/no), medications, health-related quality of life (evaluated using the EuroQol-5 Dimensions \[EQ-5D\] questionnaire \[[@ref022]\]), functional ability (assessed using the Alzheimer's Disease Co-operative Study Activities of Daily Living Inventory \[ADCS-ADL\] \[[@ref023]\]), and behavioral and psychological symptoms of dementia (assessed using the Neuropsychiatric Inventory \[NPI\] \[[@ref024]\]).

As reported previously \[[@ref019]\], the study aimed to recruit equal numbers of patients in each of three disease severity groups based on MMSE criteria: Mild AD (MMSE 21--26 points); moderate AD (MMSE 15--20 points); moderately severe/severe (MS/S) AD (MMSE \<15 points) to cover the full spectrum of AD severity.

Cognitive function assessment {#sec0020}
-----------------------------

### MMSE {#sec0025}

The MMSE is a brief test consisting of 30 items that require only 5--10 min to administer and has a total score that ranges from normal (30) to severe impairment (0) \[[@ref003]\]. The questions are grouped into seven categories, with each subscore representing a specific aspect of cognition: Orientation in time (score range 0--5); orientation in place (score range 0--5); registration (score range 0--3); attention and concentration (either counting or spelling backwards, score range 0--5); recall (score range 0--3); language (score range 0--8); and drawing (score range 0--1).

### ADAS-cog {#sec0030}

ADAS-cog is widely used to measure cognitive performance in clinical trials \[[@ref025]\] and measures multiple cognitive domains, including memory, orientation, visuospatial ability, language, and praxis. However, it is more time-consuming than the MMSE and, although the overall performance of ADAS-cog is satisfactory, many components may underestimate differences in cognitive performance in mild and moderate AD \[[@ref026]\]. The original 11-item ADAS-cog subscale developed by Rosen et al. \[[@ref004]\] has a total score range of 0--70, with a lower score indicating better cognitive performance, and consists of the following components: Word recall task (score range 0--10); naming objects and fingers (score range 0--5); following commands (score range 0--5); constructional praxis (score range 0--5); ideational praxis (score range 0--5); orientation (score range 0--8); word recognition task (score range 0--12); spoken language ability (score range 0--5); comprehension of spoken language (score range 0--5); word finding difficulty (score range 0--5); and recall of test instructions (score range 0--5). Additional items were added by Mohs et al. \[[@ref021]\] to give the ADAS-cog 14 scale with a total score ranging from 0--90; the additional items were delayed word recall (score range 0--10), number cancellation test (score range 0--5), and the maze completion test of executive function (score range 0--5).

In the GERAS study, ADAS-cog was only applied to patients with an MMSE score ≥ 14 points. In this analysis, we present results only for the selected subscales of ADAS-cog 14 that were considered to correspond with the seven MMSE subscales ([Table 1](#jad-52-jad150852-t001){ref-type="table"}).

### Proportional Odds Model (POM) {#sec0035}

Using data obtained at the baseline visit for the total GERAS cohort, proportional odds models (POM) for ordered categorical data \[[@ref027]\] were used to model each MMSE subscore and each ADAS-cog subscore with the MMSE total score as the explanatory variable. This method uses a logistic link function to model cumulative probabilities of each MMSE subscore. Each model produced probability estimates with 95% confidence intervals (CI) for each subscore level and possible total score. [Figure 1](#jad-52-jad150852-g001){ref-type="fig"} illustrates how the POM models probabilities for impairment start through to full impairment for a subscale with a score range of 0--3, such as the MMSE recall subscale. The probability curves are constrained to be ordered by subscore level and parallel.

The seven MMSE subscores have different score ranges. Only one curve was generated for the MMSE drawing subscore because it has a score range of 0--1. [Figure 1](#jad-52-jad150852-g001){ref-type="fig"} also shows how the probability of no, some, and full impairment of an MMSE subscore at each MMSE total score can be visualized as a colored bar chart, from which an animation was developed ([Supplementary Video](#S1 S2){ref-type="supplementary-material"}).

Two POM curves were generated for each subscore (except MMSE drawing subscore) showing the probability of impairment start and of full impairment. As an example of the probability estimates, 95% CI, and empirical frequencies obtained, [Fig. 2](#jad-52-jad150852-g002){ref-type="fig"} shows the results obtained for one of the MMSE subscores, in this case the orientation in place subscore, which has a score range 0--5: The curve on the right shows the probability (and 95% CI) of a 1-point decrease from the maximum score (i.e., patient starts being impaired), and the curve on the left shows the probability (and 95% CI) that the subscore is \<1 (i.e., patient is fully impaired). These curves do not represent a change over time, but describe the most likely status for this subscore at each level of MMSE total score as measured at the baseline visit. As MMSE total score correlates with the patient's disease progression over time \[[@ref005]\], we used cross-sectional data for MMSE total score as a surrogate for progressed time on the disease scale to identify the sequence in which cognitive abilities decline.

The sequence of decline across the MMSE (and ADAS-cog) subscores was determined by visual inspection of the curves or by considering a probability of 0.5 (or 50%) to be the cut-off point and determining the order in which the probability curves for impairment start and full impairment cross this cut-off point.

All statistical analyses were performed using R 2.15.1, package VGAM (0.9--0).

RESULTS {#sec0040}
=======

[Table 2](#jad-52-jad150852-t002){ref-type="table"} presents the demographic and clinical characteristics at baseline of the 1,495 patients eligible for analysis in the total cohort and by disease severity group. The total study population had an average age of 77.6 years, was 54.8% female, the average time since AD diagnosis was 2.2 years, mean (SD) MMSE total score was 17.4 (6.34), and the mean ADAS-cog score was 35.1 (9.95).

The probability estimates for impairment start and full impairment for each MMSE subscore as a function of the MMSE total score are shown in [Fig. 3](#jad-52-jad150852-g003){ref-type="fig"}. The first aspect of cognition to start being impaired was recall, followed by orientation in time, attention and concentration, orientation in place, language, drawing, and registration. The sequence for probability of full impairment for the MMSE subscores was: Recall, drawing, attention and concentration, orientation in time, orientation in place, registration, and language.

[Figure 4](#jad-52-jad150852-g004){ref-type="fig"} shows the probability estimates for impairment start and full impairment for those ADAS-cog subscores that correspond with an MMSE subscore. The first aspect of cognition to start failingwas word recall (word recall task and delayed word recall), followed by orientation, number cancellation, constructional praxis, executive function, and language. The sequence for probability of full impairment was delayed word recall, number cancellation, executive function, orientation, word recall task, constructional praxis, and language. [Supplementary Figure 1](#S3){ref-type="supplementary-material"} shows the probability of impairment start and full impairment for all ADAS-cog subscores.

[Table 3](#jad-52-jad150852-t003){ref-type="table"} summarizes the sequence of cognitive decline for the MMSE and ADAS-cog subscores according to AD severity (as defined in this study by MMSE total scores) and shows that the sequence of cognitive decline was similar for both scales. For example, recall (MMSE subscore) and delayed word recall (ADAS-cog subscore) both reached full impairment in mild AD, while orientation in time (MMSE subscore) and orientation (ADAS-cog subscore) both reached full impairment in MS/S AD.

Sensitivity analyses examined whether the use of the data from all visits or whether the factors age, sex, or years of education affected the results. Although a slight shift in the POM curves was observed, the overall sequences of decline were unchanged (data on file).

To make the results more meaningful for patients, we translated the headings for the seven MMSE subscores into layman's terms: recall was replaced with "difficulty acquiring new information"; orientation in time was replaced with "gets confused about the day of the week"; orientation in place was replaced with "forget where you are and how you got there"; registration was replaced with "forget things which have just been said"; drawing was replaced with "problems assembling objects together, completing a jigsaw"; language was replaced with "trouble finding the right words"; and attention and concentration was replaced with "trouble maintaining attention and concentration". These terms were used in the preliminary explanation of the animation (see [Supplementary Video](#S1 S2){ref-type="supplementary-material"}) which shows the probability of no impairment (green), some impairment (yellow), and full impairment (red) as the total MMSE score counts down from 26--0 to represent disease progression. [Figure 5](#jad-52-jad150852-g005){ref-type="fig"} shows three stills from the animation at MMSE total scores of 26, 20, and 5 to illustrate what physicians can show to patients and caregivers to explain the likely sequence of cognitive decline.

DISCUSSION {#sec0045}
==========

The purpose of this analysis of the baseline data from the GERAS study was to describe the sequence of cognitive decline in AD patients using the specific subscores of MMSE and ADAS-cog in relation to the MMSE total score, which was used as the index of disease progression. The results show that there appears to be a consistent pattern of cognitive decline across the MMSE and ADAS-cog scales, such that word recall and orientation are the first aspects to start declining in the early stages of the disease, followed by attention and concentration, language, constructional praxis, and executive function in the mild and moderate AD stages and, finally, registration (immediate memory), which becomes fully impaired at the more severe stage of the disease. As seen in [Table 3](#jad-52-jad150852-t003){ref-type="table"}, the probability of full impairment reaches 50% for word recall (recall in MMSE and delayed word recall in ADAS-cog) at the mild AD stage, whereas most other aspects of cognition do not reach this probability threshold until patients have progressed to the MS/S stage of dementia due to AD.

Based on our findings, we developed a simple animation that can be used to explain the likely sequence of progression for the different aspects of cognition in patients with AD to patients and caregivers. Clinicians could use this animation to provide patients and caregivers with examples of what to expect in terms of cognitive decline and then discuss the potential practical repercussions of this disease progression. By raising such awareness, families can put appropriate plans into place to cope with the disease as it progresses. Moreover, there may be an impact on clinical research, improving the focus on specific cognitive domains that are affected early in the disease process and finding treatments targeted towards helping subjects with early signs and symptoms of cognitive problems.

In general, our results are consistent with clinical experience and support and extend previous research on the evolution of cognitive decline over time from longitudinal studies \[[@ref014]\]. We show that the first MMSE subscores to start declining are word recall and orientation in time and place. These findings indicate that memory starts to decline before attention and executive function, which is consistent with reports that memory complaints are often the first signs of cognitive decline noticed by patients and caregivers and one of the first clinical symptoms in patients with typical AD \[[@ref030]\], which we could assume is the more represented AD phenotype in the GERAS study population.

Previous prospective studies of AD progression have focused on the magnitude and rate of cognitive decline over time using total scores from cognitive scales \[[@ref010]\]. Only a few studies have examined individual cognitive domains \[[@ref032]\], and this is the first time proportional odds modeling has been used to visualize the sequence of cognitive decline in AD patients, especially the distinction between start of impairment and full impairment.

A recent longitudinal study in patients with mild cognitive impairment who progressed to AD showed that different cognitive domains have different patterns of decline, with immediate recall declining more gradually than delayed recall in the pre-dementia phase \[[@ref035]\]. In our analyses, the MMSE registration task was the last to show impairment start, in contrast with the ADAS-cog word recall task which was one of the first to start failing. This discrepancy could reflect a different sensitivity of the two scales in identifying the gradual impairment of immediate recall. This could be explained by the different scoring ranges of the two tasks: MMSE registration consists of recall of three words, score range 0--3, whereas the ADAS-cog word recall task averages the number of non-recalled words in three trials to recall 10 words, score range 0--10. It is, therefore, easier to show an initial impairment with the ADAS-cog word recall task than with the MMSE registration task, given the greater demand of the task and the scoring.

Our results support and extend those of an early study in 86 patients by Ashford et al. \[[@ref036]\], who used item characteristic curve analysis to examine the pattern of loss of individual MMSE items (rate and severity) using the MMSE total score as an indicator of AD severity and disease progression. Ashford et al. \[[@ref036]\] found that MMSE items reflecting recent memory were lost at MMSE total scores \>20, while orientation in time and place became impaired at MMSE total scores \>10 and \<20, and the naming and repetition of simple words/objects was lost at a later stage (MMSE total score or 10 or less).

Language impairment occurs early in AD and language function deteriorates as the disease progresses \[[@ref037]\]. An important finding of our study is that although language starts to be impaired at a relatively early stage in the disease process (i.e., the probability of impairment start reaches 50% for the MMSE language subscore at an MMSE total score representing mild AD), and includes problems such as difficulty finding the right words, it appears to decline slowly as the disease progresses such that there is a low probability of full impairment of language even at very severe stages of the disease. Although this finding may reflect the large score range for the MMSE language subscore (0--8), such that detection of impairment start is quite subtle, it also supports previous reports that language impairment in early AD involves difficulties with word finding, naming, and word comprehension \[[@ref038]\]. The MMSE language subscore assesses different aspects of language (e.g., naming, comprehension, repetition) that are not likely to be impaired at the same time. The ADAS-cog language subscore we analyzed was spoken language ability, which is a global assessment of speech quality (scored 0--5) and started to be impaired in moderate AD (see [Table 3](#jad-52-jad150852-t003){ref-type="table"}). In moderate and severe stages of AD, there is profound loss of verbal fluency and widespread language failure, and language may be restricted to a few simple phrases or words at the very severe stage \[[@ref038]\]. However, language function occupies a widespread network with the capacity for reorganization, and there may be physiological compensation to the altered connectivity in the early stages of AD \[[@ref037]\]. This form of cognitive reserve may explain why we observed resilience to full impairment of language even at the very severe stage of AD.

For each cognitive function, the probability of impairment varies between patients. This can be seen from the slope of the curves of the proportional odds estimates of the probability of impairment ([Figs. 3](#jad-52-jad150852-g003){ref-type="fig"} and [4](#jad-52-jad150852-g004){ref-type="fig"}): The shallower the slope, the more between-patient variation there is. For example, in [Fig. 3](#jad-52-jad150852-g003){ref-type="fig"}, the 20% earliest patients to start being impaired on the MMSE language subscore had a baseline MMSE total score above 26, while the 20% latest patients to start being impaired on language had a baseline MMSE total score less than 18, whereas for the drawing subscore, the 20% earliest and 20% latest patients to start being impaired have an MMSE total score above 24 and less than 12, respectively.

The drawing subscore of MMSE (based on the ability to copy two interlocking pentagons) reflects general visuomotor function and was one of the last aspects of cognition to start failing: In the moderate stage of AD (MMSE total score 15--20), [Fig. 3](#jad-52-jad150852-g003){ref-type="fig"} indicates the probability of no impairment was between 40% and 65%. However, as drawing is only a 1-point item (no or full impairment), it was also the second MMSE subscore to reach full impairment. The corresponding ADAS-cog subscore was constructional praxis, which started to decline at the mild AD stage (MMSE total score 25) but the probability of full impairment did not reach 50% until the very severe stage of AD (MMSE total score 2). Some previous studies have indicated that visuomotor control is impaired in the early stages of AD such that patients show a decline in their ability to process and integrate visual information to produce motor responses \[[@ref039]\]. Visuomotor impairment may affect the ability of patients to perform daily activities, so is an important feature of AD to assess.

Attention, as measured by the MMSE attention and concentration subscore or the ADAS-cog number cancellation item, started to be impaired in patients in the early stage of the disease (i.e., with a high MMSE total score). This is consistent with previous reports that attention is the first non-memory domain affected in AD, before deficits in language and visuospatial function, and plays a role in difficulties with daily living \[[@ref041]\]. Executive function was assessed in ADAS-cog using a maze test and involves a wide range of cognitive tasks including foresight, planning, reasoning, problem solving, and freedom from distraction \[[@ref021]\]. As seen in [Table 3](#jad-52-jad150852-t003){ref-type="table"}, the estimated probability for impairment start in the maze test reached 50% among patients with moderate AD (MMSE total score 17) and full impairment for patients with MS/S AD (MMSE total score 8) suggesting that impairment in executive function declines as the disease progresses over quite a narrow range of MMSE scores. The maze test is a simpler test than number cancellation, which may explain why it becomes impaired at a later stage of AD. A recent meta-analysis found a consistent moderate association between executive function and activities of daily living in patients diagnosed with AD \[[@ref042]\]. Thus, people with AD with executive dysfunction are likely to have difficulties with everyday functioning, especially instrumental ADL such as shopping, preparing meals, handling finances, managing medication, and driving \[[@ref043]\]. Treatments that target attention and executive function may help to maintain patient independence and decrease caregiver burden \[[@ref044]\].

The sequence of cognitive decline in patients with AD may be influenced by several factors. Comorbidities, such as depression, may impact on cognitive performance \[[@ref045]\]. Sociodemographic variables such as age, sex, educational level, race/ethnicity, social class, and place of residence have been shown to be related to the MMSE score \[[@ref005]\], but there are conflicting reports and possible interactions between the different variables. Roselli et al. \[[@ref046]\] found that male sex, vascular risk factors (hypertension, type 2 diabetes), and more years of education were associated with a faster cognitive decline in AD patients, while Musicco et al. \[[@ref047]\] found that older age, lower education, and type 2 diabetes were associated with a slower progression of cognitive decline. Psychosis has also been associated with a more rapid cognitive decline \[[@ref048]\]. Our sensitivity analyses of the effects of age, sex, and years of education found that, although there were small shifts in the POM curves, these effects did not alter our overall conclusions about the sequences of decline.

The strengths of our study include the large sample of community-dwelling patients with a wide range of AD severity assessed in the naturalistic setting, using standardized instruments for assessing cognition. Care was taken to include approximately one-third of the patients in each of the mild, moderate and MS/S stages of AD. This allowed for improved estimates of probabilities of decline across the full spectrum of MMSE total scores. The use of total MMSE score as a surrogate for disease progression allowed our alternative analysis of cognitive decline based on different MMSE scores. A sensitivity analysis found that the results generated using baseline data only were consistent with what would be observed using data from all visits in the GERAS study. This approach has an advantage over using longitudinal data, which would require a very long follow-up period to follow a similar range of scores. Patients in longitudinal studies of AD have high rates of discontinuation, which may be affected by AD severity at baseline \[[@ref049]\]---patients with more severe AD are more likely to withdraw early from a longitudinal study, reducing the amount of information that can be obtained for more severe AD. Among patients participating in a longitudinal study there will be differences in the time since AD diagnosis and severity at baseline, such that they are not all at the same point on the disease scale; their rates of decline will also differ.

Some limitations should be considered when interpreting the present results. First, although the sequence of cognitive decline has been identified in this AD population, the exact timeframe and rate of decline is unknown. Although our cross-sectional analysis has the advantages mentioned previously, it does not allow the type of evaluation of the AD disease course that may be performed using longitudinal studies. As we used MMSE total score as the index of disease progression, our inferences cannot be accurately converted to calendar time. Moreover, the rate of decline may differ for each aspect of cognition. For example, in a retrospective study of cognitive changes in Chinese patients with AD, Zhao et al. \[[@ref029]\] found that attention, executive function, and visuospatial function declined more rapidly than memory and language. The lag time between start of and full impairment in our analysis may provide a way to compare rates of progression between MMSE subscores with similar ranges.

Second, the use of MMSE as both variable of interest and outcome is worthy of note. While the MMSE total score was used as an indication of disease progression, MMSE subscores were the outcomes of interest, measuring the different aspects of cognition. This approach provides a convenient framework for a description of the sequence of cognitive decline as disease progresses but has some limitations. Statistically, there will be a correlation between the covariate (MMSE total score) and outcome (MMSE subscore), but this is a common situation which justifies covariates adjustments in statistical modeling. Moreover, we found similar results when using ADAS-cog subscores as the outcomes of interest.

Third, the results are for the GERAS study sample (UK, Germany, France), which was recruited from memory clinics. Thus, the findings should be replicated in more general AD patient populations. Moreover, the patients included in the study had a clinical diagnosis of probable AD and it is possiblethat some patients may not have AD. Data from our analyses cannot be generalized to patients with early-onset AD as evidence indicates that such patients have a more rapid rate of cognitive decline \[[@ref050]\]. The sequence of cognitive decline may also differ for patients with early-onset AD: Smits et al. \[[@ref051]\] found that memory function was relatively well preserved in the early stages of the disease, while visuospatial functioning, executive functioning, and attention was worse in moderate AD, compared with late-onset AD patients. The sequence of cognitive decline may also differ for 6--14% of patients with non-amnestic or atypical forms of AD \[[@ref031]\], characterized by early, predominant, and progressive impairment in visuoperceptive and visuospatial function (posterior variant of AD), language (logopenic variant of AD), or behavior (frontal variant of AD), with relative preservation of memory \[[@ref031]\].

Fourth, all patients in the GERAS study were required to have an informal caregiver who was willing to participate in the study and to undertake responsibility for the patient for at least 6 months of the year. This potentially introduces selection bias and may influence the external validity of the study.

Fifth, the different ranges of the MMSE subscores (0--8, 0--5, 0--3, 0--1) may complicate the interpretation of the results. Also, both the MMSE and ADAS-cog have been considered relatively insensitive because of ceiling and floor effects, which may limit their usefulness to detect change \[[@ref024]\]. As already discussed, the discrepancy in the sequence of decline between the MMSE registration task and ADAS-cog word recall task may be explained by differences in the scoring range and sensitivity of the tests. Other detailed and sensitive tests of specific cognitive domains may give a different sequence of cognitive decline. MMSE scores may be influenced by several factors including patient age, education, and cultural background \[[@ref005]\]. Although we performed several sensitivity analyses, which supported the robustness of our conclusions, it is possible that variables not adjusted for may have affected the results. Also, we did not perform adjusted analyses for the ADAS-cog subscores as the sensitivity analyses for the MMSE subscores indicated that they did not alter the sequence of cognitive decline in the overall study population. In the present study, ADAS-cog was not measured in patients with MS/S AD (MMSE \<15), so the probability estimates for the ADAS-cog subscores are based on a smaller sample of patients (*n* = 1,026).

Sixth, our analysis aimed to describe the sequence of cognitive decline in the overall study population, regardless of whether patients were taking AD medication or not (as seen in [Table 2](#jad-52-jad150852-t002){ref-type="table"}, only 14% of patients were not on AD medication at the baseline assessment). Although treatment may affect the level of cognition or speed of progression of symptoms, it may not affect the actual sequence of cognitive decline. This interesting relationship between treatment and cognitive decline (disease progression) will be considered in future analyses of longitudinal data from the GERAS study.

Finally, it is now widely accepted that cognitive decline can occur months or even years before a clinical diagnosis of AD is made \[[@ref030]\]. This study does not include cognitive decline during this prodromal phase as patients with an MMSE score \>26 were not included in the study. However, an advantage of using the MMSE total score as the index of disease progression is that it does not matter how long a patient has had cognitive impairment for this analysis.

Conclusions {#sec0050}
===========

Our results show a clear sequence of cognitive decline in community-dwelling patients diagnosed with AD. We used the MMSE total score as an index of disease progression and linked it to probabilities of impairment in individual cognitive domains to determine the sequence of cognitive decline in patients with AD. Awareness of the sequence of cognitive decline could be used by clinicians to guide treatment decisions and help patients and caregivers understand the prognosis and plan for the future. We have developed a simple animation to show the sequence of decline in cognitive functions that could be used to raise awareness of patients/caregivers of what to expect regarding cognitive symptoms.

Supplementary Material
======================

###### Supplementary Video 1

###### 

Click here for additional data file.

###### Supplementary Video 2

###### 

Click here for additional data file.

The animation is provided as two separate files which can be played using QuickTime.

###### Supplementary Figure 1

###### 

Click here for additional data file.

Probability of impairment start and full impairment for all subscales of ADAS-cog as estimated by the proportional odds model with MMSE total score as the dependent variable. ADAS-cog scores were available for 1,026 patients with mild or moderate AD (MMSE score ≥ 14); data missing for 12 patients.
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![Proportional Odds Model (POM) illustration for an MMSE subscore ranging from 0 (complete impairment) to 3 (no impairment). To understand the POM, consider an MMSE subscore ranging from 0 to 3. A logistic regression could be used to estimate the probability of the subscore being = 0 across the different MMSE total score values (leftmost sigmoid curve). Another logistic regression model might be set up to estimate the probabilities for a subscore being ≤ 1 (middle curve). Finally, a logistic regression model may estimate the probability of impairment start (rightmost curve). The POM simultaneously fits those three logistic curves respecting their natural order and can thus be seen as a sandwich of logistic regression models. These probabilities at each MMSE total score can be visualized as colored bar charts for development of an animation that follows the sequence of what happens for each subscore starting at MMSE total score = 26 and counting down to MMSE total score = 0. The example in the figure shows the probability of no, some, and full impairment at MMSE total score = 15.](jad-52-jad150852-g001){#jad-52-jad150852-g001}

![Proportional odds estimates (and 95% confidence intervals) of impairment start and full impairment for the MMSE subscore of orientation in place as a function of the MMSE total score (*n* = 1,495). To aid understanding of [Figs 3](#jad-52-jad150852-g003){ref-type="fig"} and 4, this figure gives an example of the data obtained from the POM for one of the MMSE subscores (orientation in place), including the estimated probabilities, 95% CI and empirical frequencies. The right curve is the probability that the subscore is a 1-point decrease from the maximum score (i.e., start of impairment for the patient). The left curve is the probability the subscore is \<1 (i.e., patient is fully impaired). To avoid making [Fig. 3](#jad-52-jad150852-g003){ref-type="fig"} and [Fig. 4](#jad-52-jad150852-g004){ref-type="fig"} too complex, they do not include the 95% CI or empirical frequencies.](jad-52-jad150852-g002){#jad-52-jad150852-g002}

![Proportional odds estimates of the probability of impairment start (solid line) and full impairment (dashed line) for each MMSE subscore as a function of the MMSE total score (*n* = 1,495). There is only one curve for the MMSE drawing subscore because it has a score range of 0--1. Thus, the line represents both impairment start and full impairment.](jad-52-jad150852-g003){#jad-52-jad150852-g003}

![Probability of impairment start and full impairment for the ADAS-cog subscores as estimated by the proportional odds model with MMSE total score as the dependent variable. ADAS-cog scores were available for 1,026 patients with mild or moderate AD (MMSE score ≥ 14); data missing for 12 patients.](jad-52-jad150852-g004){#jad-52-jad150852-g004}

![Sample stills from the animation developed from the bar chart visualization of the sequence of cognitive decline showing the probability of impairment at MMSE total scores of 26, 20, and 5. The symptom icons are seen to drop down from top to bottom asthe disease progresses. They are placed in the middle of the yellow bar, where they represent the likelihood of having some impairment. The full animation counts down each level of MMSE total score from 26 to 0, as shown in the Supplementary Video.](jad-52-jad150852-g005){#jad-52-jad150852-g005}

###### 

Correspondence of MMSE and ADAS-cog subscores

  MMSE subscore (line color in POM curves)   Layman's term for MMSE subscore                             ADAS-cog 14 subscore (line color in POM curves)
  ------------------------------------------ ----------------------------------------------------------- -------------------------------------------------
  Registration^a^ (green)                    Forget things which have just been said                     Word recall task (green)
  Recall (cyan)                              Difficulty acquiring new information                        Delayed word recall (cyan)
  Attention and concentration (orange)       Trouble maintaining attention and concentration             Number cancellation -- target hits (orange)
                                                                                                         Executive function -- Maze test (gold)
  Orientation in time (black)                Gets confused about the day of the week                     Orientation (black)
  Orientation in place (purple)              Forget where you are and how you got there                  
  Language (pink)                            Trouble finding the right words                             Language^b^ (pink)
  Drawing^c^ (gray)                          Problems assembling objects together, completing a jigsaw   Constructional praxis (gray)

^a^Tests immediate memory; ^b^Spoken language ability; ^c^Tests constructional praxis. MMSE, Mini-Mental State Examination; POM, Proportional Odds Model; ADAS-cog, cognitive subscale of the Alzheimer's Disease Assessment Scale.

###### 

Patient demographic and clinical characteristics at baseline for total cohort and by disease severity

  Characteristic^a^                              Mild AD^b^     Moderate AD^c^   MS/S AD^d^      *p*-value^e^  Total cohort
  ---------------------------------------------- -------------- ---------------- -------------- -------------- --------------
                                                 *N* = 566      *N* = 472        *N* = 457                     *N* = 1,495
  Sex, *n* (%) female                            271 (47.9)     269 (57.0)       279 (61.1)        \<0.001     819 (54.8)
  Age, years                                     77.3 (6.94)    77.8 (7.99)      77.6 (8.12)          ns       77.6 (7.65)
  Marital status, *n* (%)                                                                             ns       
     Married/cohabiting                          423 (74.7)     321 (68.2)       332 (72.6)                    1076 (72.0)
     Widowed                                     121 (21.4)     132 (28.0)       108 (23.6)                    361 (24.2)
     Divorced/separated                          14 (2.5)       11 (2.3)         11 (2.4)                      36 (2.4)
     Never married                               8 (1.4)        7 (1.5)          6 (1.3)                       21 (1.4)
  Living location, *n* (%)                                                                            ns       
     Urban                                       437 (77.2)     362 (76.9)       332 (72.6)                    1131 (75.7)
     Rural                                       129 (22.8)     109 (23.1)       125 (27.4)                    363 (24.3)
  Living in own home, *n* (%)                    553 (97.9)     448 (94.9)       427 (93.8)         0.015      1428 (95.7)
  Living alone in own home, *n* (%)              103 (18.6)     102 (22.8)       48 (11.2)         \<0.001     253 (17.7)
  Years of education                             11.1 (3.32)    10.1 (2.94)      10.0 (3.02)       \<0.001     10.4 (3.15)
  Time since AD diagnosis, years                 1.7 (2.00)     2.1 (2.04)       3.1 (2.40)        \<0.001     2.2 (2.23)
  Patients with comorbidities^f^, *n* (%)        426 (75.3)     345 (73.1)       330 (72.2)           ns       1101 (73.6)
  Number of comorbidities                        1.5 (1.20)     1.4 (1.22)       1.4 (1.26)           ns       1.4 (1.22)
  Experienced a fall in last 3 months, *n* (%)   60 (10.6)      60 (12.7)        76 (16.7)          0.009      196 (13.1)
  AD medication use, *n* (%)                                                                       \<0.001     
     No AD medication                            87 (15.4)      65 (13.8)        60 (13.2)                     212 (14.2)
     AChEI only                                  413 (73.0)     322 (68.2)       242 (53.1)                    977 (65.4)
     Mementine only                              40 (7.1)       43 (9.1)         69 (15.1)                     152 (10.2)
     AChEI+Memantine                             26 (4.6)       42 (8.9)         85 (18.6)                     153 (10.2)
  MMSE total score (range 0--30)                 23.3 (1.62)    17.9 (1.67)      9.5 (4.28)        \<0.001     17.4 (6.34)
  ADAS-cog 14 total score (range 0--90)^g^       30.4 (7.84)    40.7 (9.25)      NA                \<0.001     35.1 (9.95)
  ADCS-ADL score (range 0--78)                   58.4 (14.15)   48.3 (15.35)     29.9 (17.23)      \<0.001     46.5 (19.47)
  NPI 12 score^h^                                10.2 (10.74)   14.3 (12.62)     22.0 (19.44)      \<0.001     15.1 (15.27)
  EQ-5D health index score (proxy^h^)^i^         0.71 (0.24)    0.64 (0.27)      0.51 (0.34)       \<0.001     0.63 (0.30)
  EQ-5D VAS (proxy^h^)                           66.0 (18.46)   64.4 (19.40)     58.7 (22.85)      \<0.001     63.3 (20.41)

^a^Data presented as mean (SD) unless indicated otherwise. Percentages reported are for patients with data available for each specific variable. Amounts of missing data were: Marital status (*n* = 1), living location (*n* = 1), living accommodation (*n* = 3), living alone in own home (*n* = 67), experienced a fall (*n* = 2), ADAS-cog 14 (*n* = 12), ADCS-ADL (*n* = 8), NPI-12 (*n* = 5), EQ-5D (*n* = 15). ^b^Mild Alzheimer's disease (AD) = Mini-Mental State Examination (MMSE) 21--26 points. ^c^Moderate AD = MMSE 15--20 points. ^d^Moderately severe/severe (MS/S) AD = MMSE\<15 points. ^e^*p*-values are for the comparison between AD severity groups with adjustments for country effects (ANOVA for continuous variables and Cochran-Mantel-Haenszel test for categorical variables). ^f^Comorbidities considered were depression, epilepsy, stroke, ischemic cardiac disease, hypertension, diabetes mellitus, hypercholesterolemia, cancer, urinary tract disorder and obstructive pulmonary disease; recorded as yes/no. ^g^ADAS-cog (Alzheimer's Disease Assessment Scale) was not measured in patients with MS/S AD (MMSE \<15 points). ADAS-cog 14 total score was available for 1,026 patients. ^h^Assessed by caregivers. ^i^UK population based. AChEI, acetylcholinesterase inhibitor; ADCS-ADL, Alzheimer's Disease Co-operative Study Activities of Daily Living Inventory; EQ-5D, EuroQol-5 Dimensions; NA, not assessed; NPI, Neuropsychiatric Inventory; ns, not significant (*p* \< 0.05); VAS, visual analog scale.

###### 

Sequence of cognitive decline for MMSE and ADAS-cog subscores by range of MMSE total score

  AD Severity               Range of MMSE  MMSE subscore                    ADAS-cog subscore^a^                                                 
  ------------------------ --------------- -------------------------------- -------------------------------- ----------------------------------- ----------------------------------------
  Normal or very              30--27^b^    Recall;                                                           Word recall task;                   
  mild cognitive decline                   Orientation in time                                               Delayed word recall;                
                                                                                                             Orientation;                        
                                                                                                             Number cancellation (target hits)   
  Mild AD                      26--21      Attention &Concentration (24);   Recall (22)                      Constructional praxis (25)          Delayed word recall (21)
                                           Orientation in place (22);                                                                            
                                           Language (22)                                                                                         
  Moderate AD                  20--15      Drawing (18)^c^                  Drawing (18)^c^                  Executive function (maze) (17);     
                                                                                                             Language (15)                       
  MS/S AD                      14--11                                       Attention &Concentration (13);                                       Number cancellation (target hits) (11)
                                                                            Orientation in time (11)                                             
                                10--6      Registration (9)                                                                                      Executive function (maze) (8);
                                                                                                                                                 Word recall task (8); Orientation (6)
                                5--0                                        Orientation in place (4);                                            Constructional praxis (2)
                                                                            Registration (1);                                                    \[Language\]^d^
                                                                            \[Language\]^d^                                                      

Subscores are displayed in the AD severity group where the estimated probability of start/full impairment reaches 50%. For each subscore, the number in brackets is the MMSE total score when the subscore ≥ 50%. MMSE scores were available for 1,495 patients and ADAS-cog scores for 1,026 patients. ^a^Results presented only for ADAS-cog subscores that correspond to the MMSE subscores. ^b^Patients with MMSE \>26 were not included in the study. The subscores listed in the shaded area have impairment start outside the observed data range but, based on the model data, impairment start will be at an MMSE total score \>26. ^c^Drawing subscore has a score range 0--1 (i.e., either no impairment or full impairment). ^d^The Language subscores given in square brackets did not cross 50% probability. AD, Alzheimer's disease; MMSE, Mini-Mental State Examination; ADAS-cog, cognitive subscale of the Alzheimer's Disease Assessment Scale; MS/S, moderately severe/severe.
